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(57) ABSTRACT

Provided 1s an optical communication system comprising a
polarization-diversity optical power supply capable of sup-
plying light over a non-polarization-maintaining optical
fiber to a polarization-sensitive modulation device. In an
example embodiment, the polarization-diversity optical
power supply operates to accommodate random polarization
fluctuations within the non-polarization-maintaining optical
fiber and enables an equal-power split at a passive polar-
1zation splitter preceding the polarization-sensitive modula-
tion device.
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POLARIZATION-DIVERSITY OPTICAL
POWER SUPPLY

BACKGROUND

Field

Various example embodiments relate to optical commu-
nication equipment and, more specifically but not exclu-
sively, to optical power supplies.

Description of the Related Art

This section introduces aspects that may help facilitate a
better understanding of the disclosure. Accordingly, the
statements of this section are to be read in this light and are
not to be understood as admissions about what 1s in the prior
art or what 1s not 1n the prior art.

As the input/output (I/0) capacities of electronic process-
ing chips increase, electrical signals may not provide sutli-
cient I/O capacity across the limited size of a practically
viable electronic chip package. A feasible alternative may be
to 1nterconnect electronic chip packages using optical sig-
nals, which can typically be delivered with a much higher
I/O capacity per unit area compared to electrical 1/Os.

SUMMARY OF THE INVENTION

Disclosed herein are various embodiments of an optical
communication system comprising a polarization-diversity
optical power supply capable of supplying light over a
non-polarization-maintaining optical fiber to a polarization-
sensitive modulation device. In an example embodiment, the
polarization-diversity optical power supply operates to
accommodate random polarization tluctuations within the
non-polarization-maintaining optical fiber and enables an
equal-power split at a passive polarization splitter preceding
the polarization-sensitive modulation device.

According to one embodiment, provided 1s an apparatus
for communicating optical signals modulated at a symbol
rate, the apparatus comprising an optical power supply that
comprises: a light source and an electronic controller con-
nected to the light source to cause the light source to
generate a first light output having a first optical frequency
and a second light output having a second optical frequency
different from the first optical frequency, each of the first and
second light outputs being steady during a time interval that
1s significantly longer than one over the symbol rate; and a
polarization combiner connected to receive the first and
second light outputs of the light source at different respective
input ports thereot, the polarization combiner being config-
ured to generate, at an output port thereotf, an optical output
in which first and second mutually orthogonal polarization
components carry light of the first and second light outputs,
respectively.

In some embodiments of the above apparatus, the elec-
tronic controller 1s configured to cause the first light output
and the second light output to be mutually time/frequency
orthogonal.

In some embodiments of any of the above apparatus, a
degree to which the first light output and the second light
output are time/frequency orthogonal 1s greater than 0.8.

In some embodiments of any of the above apparatus, the
degree 1s greater than 0.9.

In some embodiments of any of the above apparatus, the
degree 1s greater than 0.99.
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2

In some embodiments of any of the above apparatus, the
first light output comprises a first continuous-wave optical
field at the first optical frequency, and the second light
output comprises a second continuous-wave optical field at
the second optical frequency.

In some embodiments of any of the above apparatus, a
difference between the first optical frequency and the second
optical frequency 1s greater than five times the symbol rate.

In some embodiments of any of the above apparatus, a
difference between the first optical frequency and the second
optical frequency 1s approximately an integer multiple of the
symbol rate.

In some embodiments of any of the above apparatus, the
first light output comprises a first optical pulse train of a first
period, and the second light output comprises a second
optical pulse train of the first period.

In some embodiments of any of the above apparatus,
pulses of the first and second optical pulse trains have a same
intensity waveform.

In some embodiments of any of the above apparatus,
pulses of the first and second optical pulse trains have
different respective intensity waveforms.

In some embodiments of any of the above apparatus, the
first and second optical pulse trains are phase-locked with
respect to one another.

In some embodiments of any of the above apparatus,
centers of pulses of the first optical pulse train are temporally
aligned with centers of corresponding pulses of the second
optical pulse train.

In some embodiments of any of the above apparatus,
centers of pulses of the first optical pulse train are temporally
oflset from centers of corresponding pulses of the second
optical pulse train by a nonzero time shiit.

In some embodiments of any of the above apparatus, the
nonzero time shift 1s smaller than one half the first period.

In some embodiments of any of the above apparatus, the
nonzero time shift 1s smaller than one quarter of the first
period.

In some embodiments of any of the above apparatus, the
difference between the first optical frequency and the second
optical frequency 1s twice the pulse repetition rate.

In some embodiments of any of the above apparatus, the
difference between the first optical frequency and the second
optical frequency 1s three times the pulse repetition rate.

In some embodiments of any of the above apparatus, a
spectrum of the first pulse train has two {first optical fre-
quency tones; and a spectrum of the second pulse train has
two second optical frequency tones different from the two
first optical frequency tones.

In some embodiments of any of the above apparatus, the
first and second optical frequency tones are equidistantly
spaced by an integer multiple of the symbol rate.

In some embodiments of any of the above apparatus, the
integer multiple 1s two.

In some embodiments of any of the above apparatus, the
clectronic controller 1s further configured to imprint first
control information on the first light output of the light
source and second control information on the second light
output of the light source.

In some embodiments of any of the above apparatus, the
first control mformation 1s 1dentical to the second control
information.

In some embodiments of any of the above apparatus, the
clectronic controller imprints the first and second control
information using one or more of: an intensity, a phase, a
frequency, and a polarization of the first light output and the
second light output.
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In some embodiments of any of the above apparatus, the
light source comprises a first CW laser oscillating at the first
optical frequency, and a second CW laser oscillating at the
second optical frequency.

In some embodiments of any of the above apparatus, the

clectronic controller 1s configured to control the first CW
laser and the second CW laser to controllably set a frequency
difference between the first and second optical frequencies.
In some embodiments of any of the above apparatus, the
polarization combiner comprises one or more of: a polar-
ization beam combiner, a polarization-maintaining optical
power combiner, and a polarization-maintaining wavelength
multiplexer.
In some embodiments of any of the above apparatus, the
light source comprises a CW laser and an optical modulator
optically connected to the CW laser, the optical modulator
configured to generate a first modulation tone at the first
optical frequency.

In some embodiments of any of the above apparatus, the
clectronic controller 1s configured to control an optical
frequency of the first modulation tone.

In some embodiments of any of the above apparatus, the
optical modulator 1s further configured to generate a second
modulation tone at the second optical frequency.

In some embodiments of any of the above apparatus, the
light source comprises an optical amplitude modulator con-
figured to generate an optical pulse train.

In some embodiments of any of the above apparatus, the
light source comprises a pulsed laser configured to generate
an optical pulse train.

In some embodiments of any of the above apparatus, the
light source comprises an optical delay element configured
to delay the first light output with respect to the second light
output.

In some embodiments of any of the above apparatus, the
optical power supply comprises an optical dispersion-com-
pensating element.

In some embodiments of any of the above apparatus, the
light source comprises a polarization-diversity 1n-phase/
quadrature modulator.

In some embodiments of any of the above apparatus: the
polarization-diversity in-phase/quadrature modulator 1s con-
figured to generate two tones 1n a {irst polarization and two
tones 1n a second polarization orthogonal to the first polar-
1zation; wherein frequency spacing between the two tones 1n
the first polarization and frequency spacing between the two
tones 1n the second polarization are equal to one another; and
wherein Irequency spacing between a tone i1n the first
polarization and a tone 1n the second polarization 1s an
integer multiple of said equal frequency spacing.

In some embodiments of any of the above apparatus, the
phase diflerence between the two tones 1n the first polariza-
tion 1s equal to the phase diflerence between the two tones
in the second polarization.

In some embodiments of any of the above apparatus, the
apparatus further comprises an optical transmit module
optically end-connected to the output port of the polarization
combiner via one or more sections of optical fiber, the
transmit module comprising: a polarization splitter having,
an iput port thereof optically connected to an end of one of
the sections of the optical fiber to receive light of the optical
output; a first optical data modulator connected to a first
output of the polarization splitter; and a second optical data
modulator connected to a second output of the polarization
splitter.
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In some embodiments of any of the above apparatus, at
least one of the first and second optical data modulators 1s
configured to modulate received light at the symbol rate.

In some embodiments of any of the above apparatus, at
least one of the one or more sections of the optical fiber 1s
non-polarization-maintaining.

In some embodiments of any of the above apparatus, the
optical fiber 1s at least one meter long.

In some embodiments of any of the above apparatus, the
optical fiber 1s at least ten meters long.

According to another embodiment, provided 1s an appa-
ratus comprising an optical transmitter that comprises: a
passive polarization splitter having an optical input port and
first and second optical output ports, the optical mput port
being optically connected to receive an optical input signal
having first and second polarization components, the first
polarization component carrying light of a first optical
frequency, the second polarization component carrying light
of a second optical frequency different from the first optical
frequency, the first and second polarization components
being mutually orthogonal and jointly undergoing a state-
of-polarization change during a time interval, the passive
polarization splitter causing light of a first fixed polarization
to be directed from the optical input port to the first optical
output port and also causing light of a second fixed polar-
ization to be directed from the optical input port to the
second optical output port, the first and second fixed polar-
1zations being orthogonal to one another, the state-of-polar-
ization change causing respective spectral compositions of
the lights directed to the first and second optical ports to
change during said time interval; and a first optical modu-
lator connected to the first optical output port and configured
to modulate the light of the first fixed polarization recerved
therefrom 1n response to a first data signal.

In some embodiments of the above apparatus, the optical
transmitter further comprises a second optical modulator
connected to the second optical output port and configured
to modulate the light of the second fixed polarization
received therefrom 1n response to a second data signal.

In some embodiments of any of the above apparatus, the
first and second optical modulators are connected to transmit
the respective modulated lights through different respective
optical fibers.

In some embodiments of any of the above apparatus: at
some times of said time interval, the first optical modulator
receives from the first output port the first optical frequency
but not the second optical frequency; and at some other
times of said time interval, the first optical modulator
receives from the first output port the second optical fre-
quency but not the first optical frequency.

In some embodiments of any of the above apparatus, at
yet some other times of said time interval, the first optical
modulator receives from the first output port a mix of the
first and second optical frequencies.

In some embodiments of any of the above apparatus, the
optical mput port 1s optically connected to receive the
optical mput signal from a proximate end of a section of
optical fiber, the optical fiber including at least one section
that 1s non-polarization-maintaining.

In some embodiments of any of the above apparatus, the
state-of-polarization change 1s due to time-varying polariza-
tion rotation 1n said at least one section.

In some embodiments of any of the above apparatus, the
time-varying polarization rotation 1s random.

In some embodiments of any of the above apparatus, the
optical transmitter further comprises an optical power sup-
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ply optically connected to apply the optical input signal
through the optical fiber to the passive polarization splitter.

In some embodiments of any of the above apparatus, the
optical power supply comprises: a light source and an
clectronic controller connected to the light source to cause
the light source to generate a first light output having the first
optical frequency and a second light output having the
second optical frequency, each of the first and second light
outputs being steady during said time interval; and a polar-
ization combiner connected to receive the first and second
light outputs of the light source at different respective mput
ports thereof, the polarization combiner being configured to
generate, at an output port thereof, an optical output that 1s
coupled into the optical fiber to cause the optical input port
of the polarization splitter to receive the optical input signal.

In some embodiments of any of the above apparatus, the
first optical modulator 1s a polarization-sensitive device
designed to modulate optical signals having the first fixed
polarization.

In some embodiments of any of the above apparatus, the
first optical modulator 1s unsuitable for modulating optical
signals having the second fixed polarization.

In some embodiments of any of the above apparatus, the
second optical modulator 1s a polarization-sensitive device
designed to modulate optical signals having the second fixed
polarization.

In some embodiments of any of the above apparatus, the
second optical modulator 1s unsuitable for modulating opti-
cal signals having the first fixed polarization.

BRIEF DESCRIPTION OF THE DRAWINGS

Other aspects, features, and benefits of various disclosed
embodiments will become more fully apparent, by way of
example, from the following detailed description and the
accompanying drawings, i which:

FIG. 1 shows a block diagram of an optical communica-
tion system in which at least some embodiments may be
practiced;

FIG. 2 shows a block diagram of an optical power supply
module that can be used i1n the optical communication
system of FIG. 1 according to an example embodiment;

FIGS. 3A-3E illustrate some features of the light gener-
ated by an optical power supply 1n the optical communica-
tion system of FIG. 1 according to some embodiments;

FIGS. 4A-4F illustrate optical power supplies, one or
more of which may be used in the optical communication
system of FIG. 1 according to some embodiments;

FIG. 5 shows a block diagram of an example distributed
optical transmitter of the optical communication system of
FIG. 1 employing an optical power supply module of FIG.
2 according to an embodiment;

FIG. 6 shows a block diagram of an optical transmitter
that can be used in the optical communication system of
FIG. 1 according to an embodiment;

FIGS. 7A-7D graphically show some example use cases
illustrating polarization-rotation independent optical-power
splitting that may be implemented 1n the optical communi-
cation system of FIG. 1 according to some embodiments;
and

FIG. 8 graphically illustrates some signals used/generated
in the optical transmitter of FIG. 5 and the corresponding
clectrical signals recovered by a corresponding optical
receiver according to an example embodiment.

DETAILED DESCRIPTION OF SOME
EMBODIMENTS

At least some embodiments may benefit from the use of
a light source configured to supply pulsed light for local
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optical modulation and/or as a clock reference within a
corresponding 1sland of synchronicity, e.g., as disclosed 1n
U.S. patent application Ser. No. 16/84°7,705, which 1s 1ncor-
porated herein by reference 1n 1ts entirety.

Emerging optical interconnects aim to co-package and
even co-integrate optical transponders with electronic pro-
cessing chips, which necessitates transponder solutions that
consume relatively low power and that are sufliciently
robust against signmificant temperature variations as may be
found within an electronic processing chip package. Of
significant interest are massively spatially parallel optical
interconnect solutions that multiplex information onto rela-
tively few wavelengths and use a relatively large number of
parallel spatial paths for chip-to-chip interconnection. In
such systems, 1t may be beneficial to place the light source
outside the package housing the corresponding photonic and
electronic processing chips, and to connect the light source
to the package via one or more optical fibers. In some such
systems, the light source may be placed at a separate
location optically connected to the package by, e.g., by at
least one meter of optical fiber.

In some such systems, at least some photonic components
within the package may be polarization sensitive, 1.e., may
only accept or may only properly process light of a certain
polarization state. For example, a one-dimensional vertical
grating coupler, which may serve as a coupling interface to
the optical fiber connecting the light source to the package,
may only couple light of one particular polarization from the
fiber to the photonic processing chip while rejecting, deflect-
ing, or dissipating other light. In another example, an optical
modulator integrated within a package may eflectively
modulate only light 1n one particular polarization state. In
such systems, 1t may therefore be beneficial to connect the
light source with the corresponding electronic and photonic
processing chips using polarization-maintaining optical fiber
(PMF). However, some systems employing PMF may be
more difficult and/or more expensive to manufacture than
systems employing standard, non-polarization-maintaining
optical fiber (SF), e.g., because PMF may be more expensive
than SF, and PMF may require rotationally aligned optical
fiber connections. SF, however, may not preserve the polar-
1zation state of the light upon 1ts transmission from the light
source to the package housing.

Some systems that use SF to connect the light source with
a photonic chip may therefore require either an active optical
polarization control mechamsm or a polarization-diversity
setup. In some such systems, polarization diversity may be
implemented by doubling the number of data modulators
within the package, e.g., as disclosed in U.S. Pat. No.
5,654,818, which 1s incorporated herein by reference 1n 1ts
entirety. In some such systems, polarization diversity may be
implemented by using more-complex optical data modulator
structures, €.g., a 4-port optical modulator disclosed 1n U.S.
Pat. No. 10,222,676, which 1s incorporated herein by refer-
ence 1n 1ts entirety.

U.S. Pat. Nos. 6,959,152 and 7,106,970, which are incor-
porated herein by reference in their entirety, disclose some
systems configured to use temporally interleaved and
orthogonally polarized trains of optical pulses at the same
optical wavelength. However, such temporal interleaving
may lead to a sigmificant timing jitter and/or pulse broad-
ening at the modulator due to random polarization rotations
within the corresponding SF.

At least some of the above-indicated problems in the state
of the art can be addressed by the use of various embodi-
ments employing a polarization-diversity optical power sup-
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ply, e.g., as outlined 1n this specification. For example, a
need for PMF may beneficially be circumvented.

FIG. 1 shows a block diagram of a communication system
100 1n which at least some embodiments may be practiced.
As shown, system 100 comprises nodes 101,-101 ., which in
some embodiments may each comprise one or more of:
optical communication devices, electronic and/or optical
switching devices, electronic and/or optical routing devices,
network control devices, traflic control devices, synchroni-
zation devices, computing devices, and data storage devices.
Nodes 101,-101, may be suitably interconnected by optical
fiber links 102,-102,, establishing communication paths
between the communication devices within the nodes. Sys-
tem 100 may also comprise one or more optical power
supply modules 103 producing one or more light supply
outputs.

As used herein, a “light supply™ or “supplied light™ 1s light
intended for use as a modulation carrier in one or more of the
optical communication devices of the nodes 101,-101,
whose complex optical field amplitude 1s “steady.” Herein,
light 1s referred to as being “steady” eirther if said light
comprises one or more continuous-wave (CW) optical fields
or 1f said light comprises one or more optical pulse trains of
period T, (where pulse repetition rate R,=1/T,), each of the
pulse trains having a substantially constant respective opti-
cal-pulse amplitude and a substantially constant respective
optical-pulse duration over a time interval that 1s signifi-
cantly longer (e.g., at least by a factor of 100) than the
duration T. of a modulation symbol used for optical com-
munication 1n system 100. (Hereafter, R =1/T . 1s referred to
as the modulation symbol rate.)

As used herein, light 1s called “continuous-wave (CW)” 1f
the complex amplitude of the optical field of said light 1s
approximately (e.g., to within £20%) constant over a dura-
tion T ., that 1s much longer than a minimum characteristic
duration used by communication signals within system 100.
In some embodiments, light may be referred to as being CW
light 1 the complex amplitude of the optical field of said
light 1s approximately constant over at least 100 times the
duration T, of a modulation symbol, 1.e., T .,;=100 T.. In
some embodiments, light may be referred to as being CW
light 11 the complex amplitude of the optical field of said
light 1s approximately constant over a at least T ~,;=1000 T..
In some embodiments, the term “continuous-wave” (or CW)
may also be applicable to an optical field affected by random
noise, random drifts, or small analog dither modulations
using one or more sinewave dither tones at frequencies
much lower than R., e.g., at frequencies smaller than
R /1000, as long as the eflect of noise, drift, or dither 1s not
so strong as to induce optical intensity variations, e€.g.,
exceeding +20% of the average optical intensity within a
duration T ;-

As used herein, the phrase an “optical pulse train of period
T,” refers to an optical field whose optical intensity wave-
form I(t)=IE()I” is periodic with the time period T,. In some
embodiments, the complex amplitude E,(t) of the optical
field of an optical pulse train may be periodic with an integer
multiple of T, 1.e., with a period of n T, where n=1, 2,
3, . ...

As used herein, the term “periodic” refers to a waveiform
characterized by a parameter or feature (or a change of a
parameter or feature) that 1s repeated every time period T
within a duration of time T ,,, where T ,, 15 significantly larger
than T, e.g., T,=100 T. In some cases, the term “periodic”
may also be applicable to a wavelorm aflected by random
noise, random drifts, or small analog dither modulations
using one or more sinewave dither tones at frequencies
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much lower than 1/1, e.g., at frequencies smaller than
1/(1000 T), as long as the eflect of noise, drift, or dither 1s
not so strong as to obscure (e.g., make substantially unde-
tectable) the waveform periodicity.

In some embodiments, a light supply may also comprise
control information. Control information may be used by
other network elements of system 100, e.g., as described 1n
the above-cited U.S. patent application Ser. No. 16/847,705.
As used herein, the term “control information™ refers to
information imprinted by optical power supply module 130
onto one or more light supplies for the purpose of control-
ling, managing, and/or monitoring one or more network
clements of system 100, and/or for facilitating various
synchronization operations within one or more network
clements of system 100. In some embodiments, control
information may comprise one or more of: a clock Ire-
quency, a clock phase, a synchronization time stamp, a
frame delimiter, a frame counter, status information, a
heartbeat signal, and a command that may be used to control
the behavior of other network elements, such as a master/
slave assignment or a reset command.

For illustration purposes, only one such optical power
supply module 103 1s shown in FIG. 1. A person of ordinary
skill 1n the art will understand that some embodiments may
have more than one optical power supply module 103
appropriately distributed over system 100 and that such
multiple optical power supply modules may be synchro-
nized, e.g., using some of the techniques disclosed in the
above-cited U.S. patent application Ser. No. 16/847,703.

Some end-to-end communication paths may pass through
an optical power supply module 103 (e.g., see the commu-
nication path between nodes 101, and 101,). For example,
the communication path between nodes 101, and 101, may
be jointly established by optical fiber links 102, and 102,
whereby light supplied by optical power supply module 103
1s multiplexed onto optical fiber links 102, and 102,.

Some end-to-end communication paths may pass through
one or more optical multiplexing units 104 (e.g., see the
communication path between nodes 101, and 101,). For
example, the communication path between nodes 101, and
101, may be jointly established by optical fiber links 102, ,
and 102,,. Multiplexing unit 104 1s also connected, through
link 102, to receive light supplied by optical power supply
module 103 and, as such, may be operated to multiplex said
received light supply onto optical fiber links 102,, and
102, ,.

Some end-to-end communication paths may pass through
one or more optical switching units 105 (e.g., see the
communication path between nodes 101, and 101,). For
example, the communication path between nodes 101, and
101, may be jointly established by optical fiber links 102,
and 102, ,, whereby light from optical fiber links 102, and
102, 1s etther statically or dynamaically directed to optical
fiber link 102,,.

As used herein, the term “network element”™ refers to any
clement that generates, modulates, processes, or receives
light within system 100 for the purpose of communication.
Example network elements include a node 101, an optical
power supply module 103, an optical multiplexing umt 104,
and an optical switching unit 105.

Some light supply distribution paths may pass through
one or more network elements. For example, optical power
supply module 103 may supply light to node 101, via optical
fiber links 102, 102,, and 102,,, letting the supply light
pass through network elements 101, and 105.

FIG. 2 shows a block diagram of an optical power supply
290 that may be used as part of optical power supply module
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103 to create a light supply for use 1 system 100 according
to an example embodiment. Optical power supply 290
comprises: (1) a light source 200 possessing two light
outputs 212 and 222, each in a single state of polarization;
(11) an electronic controller 230 configured to control light
source 200 such as to establish time/frequency orthogonality
between light output 212 and light output 222; and a
polarization combiner 240 configured to multiplex light
outputs 212 and 222 onto two orthogonal polarization states
at 1ts output 242.

Herein, a “polarization combiner” 1s an optical device
having two input ports (e.g., connected to 212 and 222) and
at least one output port (e.g. 242) and configured to multi-
plex light 1n a first polarization state at its first input port onto
a first polarization state of light on one of its output ports,
and light 1n a second polarization state at its second 1nput
port onto a second polarization state of light on the same
output port, the second polarization state at output port 242
being approximately orthogonal to the first polarization state
at output port 242. In some embodiments, the two orthogo-
nal polarization states at output port 242 may be horizontally
and vertically linearly polarized, respectively. In some other
embodiments, the two orthogonal polarization states at
output port 242 may be left-handed and right-handed circu-
larly polarized, respectively. In some other embodiments,
the two orthogonal polarization states at output port 242 may
be relatively orthogonally, elliptically polarized states. In
some embodiments, the polarization states at input ports 212
and 222 may be 1dentical. In some other embodiments, the
polarization states at input ports 212 and 222 may be
orthogonal. In some embodiments, polarization combiner
240 may 1nclude polarization-sensitive optical elements,
¢.g., be implemented as a polarization beam combiner. In
some other embodiments, polarization combiner 240 may
not include any polarization-sensitive elements, e.g., be
implemented as a polanzation-maintaining optical power
combiner or as a polarization-maintaining wavelength mul-
tiplexer.

The concept of “polarization state” 1s graphically illus-
trated in FIG. 7A. For example, light 1n a linear polarization
state may be represented by a complex electrical field vector

E(D=E,(Dexp(i2nfi) e .., (1)
wherein the unit vector E}I may maintain 1ts direction along
a linear Cartesian axis (e.g., the x-axis as defined with
respect to the fixed coordinate system of light source 200) to
an accuracy of, e.g., within +20 degrees over a relatively
long duration, e.g., about one hour. In some embodiments,

the unit vector E}x may maintain 1ts direction along a linear
Cartesian axis to within an accuracy of, e.g., £20 degrees for
the duration of typical normal operation of optical power
supply 290. In the above expression, E,(t) 1s the constant or
time-varying complex amplitude of the complex electrical
field vector, 1 1s the optical frequency, t denotes the time
variable and j=V—1. In another example, a circular polariza-
tion state may be represented by a complex electrical field
vector

E(O)=Eo(tV 2exp(j2nfi)[ € ,+exp(in2) e ], (2)
wherein the unit vector _e}y 1s orthogonal to E}I and both unit
vectors maintain their directions along two orthogonal linear
Cartesian axis to within an accuracy of, e.g., 20 degrees
over a relatively long duration of, e.g., about one hour. As

used herein, the term “polarized light” denotes light 1n some
well defined polarization state.
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As used herein, two optical fields are said to be “time/
frequency orthogonal™ 11 the degree of orthogonality n of the

two optical fields’ complex amplitudes E,(t) and E,(t),
defined as

n=1-1f :HTE {TES* (T)dTl 2/ (f:rJrT'E 1(T) [ dtf :HT|E2 (T)

%d) (3)

1s close to 1, e.g., has a value between 0.8 and 1. Herein, the
integration time 1nterval [t, t+1] represents the time interval
during which time/frequency orthogonality 1s to be deter-
mined. IT at least one of the optical fields E,(t) and E,(t) has
a non-periodic complex amplitude, the integration time
interval 1s chosen to be long compared to a characteristic
time duration within system 100, for example, duration T
may be chosen to be at least 10 times a duration T of a
modulation symbol, at least 10 times a duration of an
information packet, or at least 10 times a duration of an
optical frame template. If both optical fields have periodic
complex amplitudes E, (t) or E,(t) with period T, then the
time duration T may be chosen as the duration over which
the above integrals are being taken. In some embodiments,
two fields may be called time/frequency orthogonal if 1 1s
greater than 0.8. In some embodiments two fields may be
called time/frequency orthogonal 1f 1y 1s greater than 0.9. In
some embodiments two fields may be called time/frequency
orthogonal if 1 1s greater than 0.99. The degree of orthogo-
nality n may also be expressed 1n the frequency domain as

N=1-[_."E\(NE* NN E (N IPdff ™ | E>(f)
“df). (4)

From the above two definitions (see Egs. (3) and (4)), it
may be seen that two optical fields are time-frequency
orthogonal, e.g., 1f they are: (1) spectrally disjoint, 1.e., 1f the
spectral contents of the two fields are primanly located at
mutually exclusive optical frequencies; and/or (1) tempo-
rally disjoint, 1.e., the complex amplitudes of the two optical
fields differ from zero primarily at mutually exclusive times.
In some embodiments, two optical fields may be time/
frequency orthogonal 1f they overlap both in time and 1n
frequency, provided that their degree of orthogonality 1s
close to 1, e.g., as indicated by the example values/ranges of
mentioned above.

In some embodiments, light source 200 produces light of
different respective optical center frequencies for light out-
puts 212 and 222. As used herein, the term “‘optical center
frequency” refers to the center of mass of the power spectral
density of an optical field. In some embodiments, controller
230 may operate to control the optical frequency separation
of light outputs 212 and 222 generated by light source 200,
¢.g., the difference between the two light sources” optical
center Irequencies.

In some embodiments, light source 200 may operate to
generate two continuous-wave (CW) light outputs.

In some embodiments, light source 200 may be config-
ured to let light outputs 212 and 222 comprise optical pulse
trains ol approximately (e.g., to within £1%) the same
period In some embodiments, the shape of the optical pulses
of the pulse train on light output 212 may differ from the
shape of the optical pulses of the pulse train on light output
222. In some embodiments, the shape of the optical pulses
of the pulse train on light output 212 may be approximately
the same as the shape of the optical pulses of the pulse train
on light output 222. In some embodiments, controller 230
may be configured to phase-lock said optical pulse trains
with respect to one another. In some embodiments, control-
ler 230 may be configured to synchronize said optical pulse
trains such that the centers of the optical pulses on light
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output 212 are temporally aligned with the centers of the
pulses on light output 222. As used herein, the term “center
of a pulse” refers to a time corresponding to the center of
mass of a pulse’s intensity wavelorm. In some embodi-
ments, controller 230 may be configured to synchronize said
optical pulse trains such that the centers of the optical pulses
on light output 212 are temporally oflset from the centers of
the pulses on light output 222 by a fixed amount AT. In some
embodiments, AT<I /2. In some embodiments, AT<T /4.

In some embodiments, controller 230 may invoke light
outputs 212 and 222 to carry control information. Control
information may be used by other network elements of
system 100, e.g., as described 1n the above-cited U.S. patent
application Ser. No. 16/847,705. As used herein, the term
“control information” refers to mmformation imprinted by
optical power supply 290 onto one or both of light outputs
212 and 222 (e.g., equally or unequally) for the purpose of
controlling, managing, and/or monitoring one or more net-
work elements of system 100, and/or for facilitating various
synchronization operations within one or more network
clements of system 100. In some embodiments, control
information may comprise one or more of: a clock fre-
quency, a clock phase, a synchronization time stamp, a
frame delimiter, a frame counter, status information, a
heartbeat signal, and a command that may be used to control
the behavior of other network elements, such as a master/
slave assignment or a reset command. Different types of
control information may be imprinted equally or unequally
onto both light outputs 212 and 222 using different features
thereol. For example, some types ol control information
may be mmprinted using any suitable data modulation
equally or unequally imprinted on both light outputs 212 and
222. In various embodiments, control information may be
imprinted using an approximately equal change of intensity,
phase, frequency, or polarization of light 212 and 222.

FIGS. 3A-3E illustrate various features of light outputs
212 and 222 of optical power supply 290 according to some
embodiments. FIG. 3A illustrates intensity-versus-time plots
of some embodiments of light outputs 212 and 222. In these
particular embodiments, light outputs 212 and 222 may be
CW at different optical frequencies {,=c/A; and I,=c/A.,,
respectively, where A, and A, are the wavelengths associated
with optical frequencies 1; and 1, and c 1s the speed of light
in the medium i1n which the wavelengths are being mea-
sured.

FIG. 3B illustrates the optical power-spectral densities
(PSDs) of light outputs 212 and 222. In some embodiments,
the optical frequency difference Af=I|{,—1,| between light
output 212 and light output 222 may be significantly larger
than the symbol rate R, used for communication by a
transmitter of node 101 that receives light for modulation
from optical power supply 290, 1.e., Af>>R. In some
embodiments, Af>2 R.. In some other embodiments, Af>5
R.. In some other embodiments, the frequency difference Af
may be chosen to be approximately (e.g., to within £10%)
an integer multiple of R, 1e., At=nR., with n=1, 2,
3, ....Insome embodiments, Aﬁ--R In some embodlments
Af~2R

FI1G. 3C shows intensity-versus-time plots of light outputs
212 and 222 for some example embodiments. In these
embodiments, light outputs 212 and 222 may, each on a
different respective optical center frequency I,=1,, carry an
optical pulse train of period T, and pulse duration T,. In
some embodiments, T, may be defined as the full-width-at-
half height of a pulse’s optical intensity wavelorm. In other
embodiments, T, may be defined as the reciprocal of the
3-dB bandwidth of the optical pulse spectrum. In some
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embodiments, T, may be approximately equal to one half of
the pulse train period T, 1.e., T,#T/2. In some embodi-
ments, the pulse train of light output 212 may be temporally
oflset by an amount of time AT relative to the pulse train of
light output 222. In some embodiments, the temporal offset
AT may be larger than 1.5 times the full-width-at-hali-height
of the pulses constituting the pulse trains. In some other
embodiments, the temporal oflset AT may be larger than 2
times the tull-width-at-half-height of the pulses constituting,
the pulse trains. In some embodiments, the temporal oflset
may be significantly smaller than T,/2. In some embodi-
ments, the two pulse trains may be temporally aligned, 1.¢.,
AT=0. In some embodiments, temporal alignment may
imply AT<T,/10. In some embodiments, temporal align-
ment may 1mply AT<IT,/100. In some embodiments, tem-
poral alignment may imply AT<T,/10. In some embodi-
ments, temporal alignment may imply AT<T,/100.

FIGS. 3D and 3FE illustrate optical spectra of light outputs
212 and 222 according to some example embodiments. In
some embodiments, the frequency separation Af=|{,-1,]
may be significantly larger than the pulse repetition rate
R~=1/T, 1.e., AT>>R,. In some other embodiments, Af>5 R,.
In some other embodiments, the frequency difference Af
may be chosen to be approximately (e.g., to within £10%)
an integer multiple of R, 1.e., Af=nR,, with n=2,3, 4, . . ..
In some embodiments, Af=2R, In some embodiments,
A1=3R,. In some embodiments, visualized in FIG. 3E, the
complex amplitude of light output 212 and light output 222
may each have a sinusoidal time dependence of period R /2,
1.€., the spectra of light output 212 and light output 222 each
comprise two tones spaced by R,. The resulting temporal
intensity waveforms are therefore proportional to sin”(ntR 1)
for the corresponding pulse trains at light outputs 212 and
222. In various embodiments, the center frequencies of light
outputs 212 and 222 may be spaced by 2 R,, 1.e., the four
tones jointly making up light outputs 212 and 222 are all
spaced by R, In various embodiments, the optical phase
difference between spectrally adjacent tones 1s constant, e.g.,
the phase difference between the tone at frequency 1,-R /2
and the tone at frequency t,+R /2 1s the same as the phase
difference between the tone at frequency 1,—R/2 and the
tone at frequency 1,+R /2. Such a constant phase progression
may ensure that the temporal skew between pulse trains at
light outputs 212 and 222 1s approximately zero, e.g., AT=0.
In some embodiments, the tone at frequency 1;+R /2 and the
tone at frequency 1,-R,/2 may also have the same as the
phase difference as the phase diflerence between the tone at
frequency 1,—R,/2 and the tone at frequency 1, +R /2.

FIGS. 4A-4F 1llustrate various embodiments of optical
power supply 290. Various embodiments corresponding to
FIGS. 4A-4C implement some of the schemes described
above 1n reference to FIGS. 3A-3B. In the example embodi-
ment shown 1n FIG. 4A, two CW laser sources 410 and 420
operate to emit polarnized light (1.e., light 1n respective
specific polarization states) at different respective wave-
lengths A, and A, that may be optically amplified using
polarization-maintaining optical amplifiers 413 and 423.
The two sources of CW light may be polarization-combined
using optical polarization combiner 440, configured to com-
bine polarized light on 1ts two 1nput ports 412 and 422 onto
two orthogonal polarization states at its output port 441.
Spectral characteristics of optical polarization combiner 440
are such that light of both wavelengths A, and A, can be
passed through with little attenuation. In some embodi-
ments, polarization combiner 440 may be a polarization
beam combiner. In some other embodiments, polarization
combiner 440 may be a polarization-maintaining optical
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power combiner. In yet some other embodiments, polariza-
tion combiner 440 may be a polarization-maintaining wave-
length multiplexer. Polarization combiner 440 may be fol-
lowed by a polarization-independent optical amplifier 443.
Lasers 410 and 420 may be wavelength-controlled by a
wavelength controller 430.

In the embodiment of optical power supply 290 shown in
FIG. 4B, CW laser source 410 at wavelength A, may be
free-running or may be wavelength-locked by a wavelength
controller 431 and configured to emit polarized light. Light
generated by laser source 410 may be amplified by polar-
1zation-maintaimng optical amplifier 413 before being split
by an optical splitter 414. In some embodiments, optical
splitter 414 may be a polarization-maintaining optical power
splitter. In some other embodiments, optical splitter 414 may
be a polarization beam splitter configured to split polarized
light incident on 1ts input 415 nto two orthogonally polar-
1zed parts at 1ts two outputs 416 and 426. In some embodi-
ments, optical splitter 414 may be a linear polarization
splitter oriented at 45 degrees relative to the linear polar-
ization state of the incident laser light on its 1input 415. A
portion 416 of the split light at wavelength A, may be passed
directly to combiner 440, while a portion 426 of the split
light may be frequency-shifted using an optical frequency
shifter 424, driven by, e.g., a sinusoidal electrical reference
signal 432. In some embodiments, frequency shifter 424
includes one of: an acousto-optic modulator, a single-side-
band modulator, and a Mach-Zehnder modulator. In some
embodiments, frequency shifter 424 may be followed by an
optional optical bandpass filter 425 that may pass only one
of the several tones that may be generated by the upstream
frequency shifter 424. An additional optical amplifier 423
may be used to compensate for optical losses. Frequency-
shifted light at port 422 may be polarization-combined with
frequency un-shifted light at port 412 in combiner 440.

In the embodiment of optical power supply 290 shown in
FIG. 4C, CW laser source 410 may be free-running or
wavelength-controlled by wavelength controller 431. The
output of laser source 410 may be modulated by an optical
modulator 417 driven by an electrical signal generator 433.
Modulator 417 may be configured to split a CW optical field
at 1ts 1nput 1nto two spectral tones at 1ts output. For example,
modulator 417 may be a Mach-Zehnder modulator biased at
its transmission null and driven by a sinusoidal electrical
signal whose amplitude 1s substantially smaller than the
modulator’s halt-wave voltage and whose period 1s T This
mode of operation 1s known to suppress the incoming CW
tone at optical frequency 1, and to produce two spectral tones
at 1, ,=f,=1 at the modulator output. The two tones consti-
tuting an optical field 418 may be frequency-split by an
optical frequency splitter 419 into portions 416 and 426. In
some embodiments, optical frequency splitter 419 may be
implemented using an optical (de)interleaver. Portions 416
and 426 may then be polarization-orthogonally combined
using combiner 440. In some embodiments, modulator 417
may further be configured to imprint control information on
optical field 418. For example, modulator 417 may be
configured to periodically extinguish light of optical field
418 for a briet amount of time. In some embodiments,
modulator 417 may be configured to extinguish light of
optical field 418 for a duration of 2 T, once per period of
duration 1000 T.. In some embodiments, modulator 417
may be configured to modulate a time stamp onto light 418
for a duration of 10 T . once per period of duration 10000 T..

Various embodiments shown in FIGS. 4D-4F implement
some of the schemes described above 1n reference to FIGS.
3C-3E. In the embodiment of optical power supply 290
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shown 1 FIG. 4D, two laser sources 410 and 420 may emit
polarized light at different wavelengths A, and A,. In some
embodiments, wavelengths A, and A, and/or their diflerence

may be controlled by wavelength controller 430. In some
embodiments, lasers 410 and 420 may emit CW light. In
some other embodiments, light emitted by one or both of
lasers 410 and 420 may comprise an optical pulse train. In
some embodiments, light emitted by lasers 410 and 420 may
be modulated using optical modulators 417 and 427, driven
by respective electrical signals generated by signal generator
433. In some embodiments, laser 410 and modulator 417, as
well as laser 420 and modulator 427, together with signal
generator 433, may be configured such that modulated
optical fields 456 and 457 each comprise an optical pulse
train with period T,. In various embodiments, modulators
417 and 427 may be electro-absorption modulators, ring
modulators, Mach-Zehnder modulators, or in-phase/quadra-
ture (1Q) modulators. In some embodiments, modulators 417
and 427 and signal generator 433 may be configured to
generate optical fields 456 and 457 that are periodically
modulated 1n both amplitude and phase, including chirped
and arbitrarily pre-distorted optical fields, e.g., dispersion
pre-distorted optical fields. In some embodiments, the func-
tionalities of light generation and modulation provided by
laser 410 and modulators 417 as well as by laser 420 and
modulators 427 may each be implemented using a single
direct-modulated laser or a mode-locked laser. In some
embodiments, the output of modulator 427 may be delayed
by an optical delay element 419. In some embodiments,
delay element 419 may be implemented using a length of
optical fiber. In some other embodiments, delay element 419
may be a lumped free-space optical delay element. In some
embodiments, the delay AT imposed by delay element 419
onto optical pulse train 457 relative to optical pulse train 456
may be less than half the period of the optical pulse train,
1.e., AT<I,/2. In some other embodiments, the delay
imposed by delay element 419 onto optical pulse train 457
relative to optical pulse train 456 may be less than half the
period of the optical pulse train modulo an integer multiple
of T, 1.e., AT+k T, with k==x1, 2, 3, . . . . In some
embodiments, individual pulses of optical pulse trains 456
and 457 may have substantially similar intensity waveforms.
In some other embodiments, individual pulses of optical
pulse trains 456 and 457 may have diflerent intensity wave-
forms. Optical pulse trains 456 and 457 may be polarization-
combined using combiner 440, configured to combine light
on 1ts two 1mput ports onto orthogonal polarizations at 1ts
output port. In some embodiments, a chromatic-dispersion-
compensating optical element 470 may pre-disperse polar-
ization-multiplexed optical pulse trains. In some embodi-
ments, chromatic-dispersion-compensating optical element
470 may be a grating-based or an etalon-based optical
dispersion compensator. In some other embodiments, chro-
matic-dispersion-compensating optical element 470 may be
implemented using a length of dispersion-compensating
optical fiber. In some embodiments, modulators 417 and 427
may further be configured to imprint control information on
optical pulse trains 456 and 457. For example, modulators
417 and 427 may be configured to periodically extinguish
light 456 and 457 for a briel amount of time. In some
embodiments, modulators 417 and 427 may be configured to
extinguish light 456 and 457 for a duration of 2 T once per
period of duration 1000 T.. In some embodiments, modu-
lators 417 and 427 may be configured to modulate a time
stamp onto light 456 and 457 for a duration of 10 T. once
per period of duration 10000 T..
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In the embodiment of optical power supply 290 shown in
FIG. 4E, two laser sources 410 and 420 may emait polarized
light at different respective wavelengths A, and A,. In some
embodiments, wavelengths A, and A, and/or their difference
may be controlled by wavelength controller 430. Light
generated by laser 410 and laser 420 may be combined by
a polarization-maintaining optical combiner 428. In some
embodiments, polarization-maintaining optical combiner
428 may be a polarization-maintaiming optical power com-
biner. In some embodiments, polarization-maintaining opti-
cal combiner 428 may be a polarization-maintaining optical
wavelength multiplexer. Combined light may be modulated
by optical modulator 417 driven by electrical signal genera-
tor 433 to generate at each of wavelengths A, and A, an
optical pulse train at modulator output 418. The light out-
putted by modulator 417 may be split into two portions 456
and 457 using splitter 414. In some embodiments, portion
456 may be passed directly to combiner 440 while portion
457 of may be optically delayed by delay element 419.
Optionally relatively delayed portions 456 and 457 may be
polarization-combined using combiner 440, configured to
combine light on 1ts two input ports onto orthogonal polar-
1zations at 1ts output port. In some embodiments, chromatic-
dispersion-compensating optical element 470 may pre-dis-
perse polarization-multiplexed optical pulse trains. In some
embodiments, modulator 417 may further be configured to
imprint control information on light output 418. For
example, modulator 417 may be configured to periodically
extinguish light 418 for a brief amount of time. In some
embodiments, modulator 417 may be configured to extin-
guish light 418 for a duration of 2 T. once per period of
duration 1000 T.. In some embodiments, modulator 417
may be configured to modulate a time stamp onto light 418
for a duration of 10 T . once per period of duration 10000 T..

In the embodiment of optical power supply 290 shown in
FIG. 4F, CW laser source 410 may be {ree-running or
wavelength-controlled by wavelength controller 431. The
output of laser source 410 may be modulated by optical
modulator 417 driven by electrical signal generator 433.
Modulator 417 may be a polarization-diversity in-phase/
quadrature (I1Q) modulator (PDM-IQM), comprising a total
of four Mach-Zehnder modulators (labeled Ix-MZM, Qx-
MZM, Iy-MZM, and Qy-MZM, FIG. 4F) 1n a nested con-
figuration, with the “Q” paths having built-in an optical
phase shiit of 90 degrees relative to the “I” paths. PDM-1QM
417 and signal generator 433 may be configured to produce
the spectrum shown in FIG. 3E, e.g., as follows: Signals
433,,.433,,,433,,, and 433, are configured to be electrical
signals with a voltage swing that i1s not significantly larger
than the halt-wave voltage of each Mach-Zehnder modula-
tor, and with a temporal dependence of, respectively, cos
(TR t)+cos(3nR 1), -sm(nRA)-sin(3nRt), cos(mR t)+cos
(3R 1), and sin(mR t)+smn(3nR t). In some embodiments,
electrical signals 433, , 433, , 433,, and 433, may be
generated using digital-to-analog converters (not explicitly
shown 1n FIG. 4F). In some embodiments, modulator 417
may further be configured to imprint control information on
light 456 and 457. For example, modulator 417 may be
configured to periodically extinguish light 456 and 457 for
a briel amount of time. In some embodiments, modulator
417 may be configured to extinguish light 456 and 4357 for
a duration of 2 T. once per period of duration 1000 T.. In
some embodiments, modulator 417 may be configured to
modulate a time stamp onto light 456 and 457 for a duration
of 10 T, once per period of duration 10000 T..

FIG. 5 shows a block diagram of a distributed optical
transmitter 500 that can be used 1n optical communication
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system 100 of FIG. 1 according to an embodiment. Trans-
mitter 500 comprises optical power supply 290 and a
transmit module 504. As indicated 1n FIG. 5, optical power
supply 290 may be a part of optical power supply module
103. In operation, optical power supply 290 may generate a
light supply on output 242, e.g., as described 1n reference to
one or more of FIGS. 3A-3E. Output 242 of optical power
supply 290 1s optically coupled to transmit module 504 by
way of an optical fiber 543, which can be a part of, e.g., fiber
link 102.. In different embodiments, transmit module 504
may be a part of different network elements of system 100.
For illustration purposes and without any implied limitation,
transmit module 504 1s described herein 1n reference to an
embodiment 1n which said transmit element 1s a part of node
101,.

In some embodiments, optical fiber 543 may include one
or more sections of non-polarization-maintaining optical
fiber. In such embodiments, light supplied by optical power
supply module 103 to node 101, may experience random
polarization rotation upon propagation through optical fiber
543. Owing to this random polarization rotation, light sup-
plied by optical fiber 543 may arrive at node 101, such that
the two polarized components of light output 242 are 1 two
random, but relatively orthogonal states of polarization
when entering transmit module 504 via an optical interface
510 thereotf. The relative orthogonality may be maintained,
¢.g., because both of the two polarized components of light
output 242 are subjected to substantially the same (albeit
random) polarization rotations in the one or more sections of
non-polarization-maintaining optical fiber.

In some embodiments, optical interface 510 may com-
prise one or more optical connectors, one or more edge-
coupling mechanisms to a photonic mtegrated circuit (PIC),
one or more vertical coupling mechanisms to a PIC, etc.
Optical iterface 510 1s connected to an optical polarization
splitter 5315. In some embodiments, the polarization splitting
function of optical polarization splitter 515 may be 1inte-
grated into optical interface 310. For example, in some
embodiments, a polarization-diversity vertical grating cou-
pler may be configured to simultaneously act as a polariza-
tion splitter 315 and as a part of optical interface 510. In
some other embodiments, an optical connector comprising a
polarization-diversity arrangement may simultaneously act
as an optical intertace 510 and as a polarization splitter 515.

Owing to the polarization-multiplexed nature as well as
the time/Irequency orthogonality of the light generated by
optical power supply 290 on output 242, any arbitrary
polarization rotation within fiber link 102, results mn a
substantially equal optical power split between output ports
516 and 517 of optical polarization splitter 5135 (e.g., see a
detailed description of FIGS. 7A-7D below). Therelore,
light on ports 516 and 5317 can be used as a relatively stable
optical power supply for optical modulation within transmait
module 504, which 1s independent of random polarization
rotations that might be occurring within link 102...

Optical modulators 530, and 530, receive supply light on
respective polarization splitter outputs 516 and 3517 and
modulate data onto said light using one or more electrical
drive signals 331, and 331,, thereby producing respective
modulated optical signals on modulator outputs 532, and
531,, respectively. In various embodiments, modulation
may be done 1 any one or more of intensity, phase,
polarization, and frequency. In some embodiments, modu-
lation may be done at a modulation symbol rate 1/T,. In
some embodiments, a polarization rotator 506 may be
employed to convert orthogonal output polarization states at
polarization splitter outputs 316 and 517 to equal polariza-
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tion states on ports 516 and 517" for subsequent modulation.
For example, polarization splitter 515 may split light 1nci-
dent on its mput port mto transversal-magnetic (TM) and
transversal-electric (TE) polarizations at its two outputs 516
and 517, respectively. If modulators 530 are both designed
tor modulating TE-polarized light, then polarization rotator
506 may be used to rotate TM-polarized light on port 517 to
TE-polarized light on port 517'. In some embodiments,
polarization rotator 506 may be a part of polarization splitter
518.

Modulated light on modulator output ports 532, and 332,
may be passed to diflerent respective fibers of link 102, for
communication of information to another node of system
100, which 1n the example case shown m FIG. 5 1s node
101,. Some example signals that may be used and/or gen-
erated 1n transmitter 300 are described below 1n reference to
FIG. 8.

FIG. 6 shows a block diagram of an optical transmit
module 600 that can be used 1 system 100 according to an
embodiment. Transmit module 600 can be mmplemented
using some of the same elements as transmit module 504,
¢.g., as mdicated by the corresponding matching reference
numerals in FIGS. 5 and 6. In different embodiments,
transmit module 600 may be a part of different network
clements of system 100. For illustration purposes and with-
out any implied limitation, transmit module 600 1s described
below 1n reference to an embodiment 1n which said transmit
module 1s a part of node 101,.

In operation, transmit module 600 may receive light from
optical port 242 of optical power supply 290 contained
within optical power supply module 103 via optical interface
510 and optical link 102, (also see FIGS. 1 and 5). Optical
interface 510 1s connected to optical polarization splitter
515. In some embodiments, the polarization splitting func-
tion of optical polarization splitter 515 may be integrated
into optical interface 510. In some embodiments, optical
polarization splitter 515 may further be connected to one or
more (e.g., cascaded) optical splitters 620, only two of
which are shown in FIG. 6 for illustration purposes. In
various embodiments, an optical splitter 620 may be con-
structed, e.g., as known 1n the pertinent art, using one or
more of: optical power splitters, wavelength splitters, and
spatial-distribution splitters, such as spatial-mode splitters or
multi-core-fiber fanouts.

Optical modulators 530 of transmit module 600 receive
light on respective optical-splitter outputs 622 and modulate
data onto said light using one or more electrical drive signals
531, thereby producing respective modulated optical signals
on modulator outputs 532. In various embodiments, modu-
lation may be done in any one or more of intensity, phase,
polarization, and frequency. In some embodiments, modu-
lation may be done at a modulation symbol rate R =R,=1/T,.

In some embodiments, one or more modulators 530 may
at times not modulate information onto light of outputs 622.
Alternatively or in addition, one or more of the shown
modulators 530 may be omitted from (1.e., not present 1n) the
structure of transmit module 600. In such cases, light of the
corresponding output(s) 622 may be passed through transmat
module 600 on to other network elements of system 100,
¢.g., 1n accordance with the above-provided functional
description of certain aspects of system 100 (FIG. 1). In
some embodiments, some of such passed-on light 622 may
be used by other network elements of system 100 as an
optical power supply. In some embodiments, some of such
passed-on light 622 may be received by other network
clements of system 100 to extract control information there-
from.

10

15

20

25

30

35

40

45

50

55

60

65

18

In some embodiments, some modulators 530 of transmit
module 600 may be configured to use more than one
clectrical drive signal 531 to modulate light received from
the corresponding output 622. Examples of such modulators
530 1nclude but are not limited to in-phase/quadrature (I1Q)
modulators and segmented-electrode modulators. In various
embodiments, opto-electronic modulators 530 may com-
prise electro-absorption modulators, ring modulators, or
Mach-Zehnder modulators. In various embodiments, opto-
clectronic modulators 330 may be made of semiconductor
materials, materials used in Silicon Photonics, polymer
materials, or Lithium Niobate. In some embodiments, opto-
clectronic modulators 530 may at least partially be inte-
grated 1n one or more PICs (not explicitly shown 1n FIG. 6).
In various embodiments, electrical drive signals 531 may be
binary or multilevel. In some embodiments, electrical drive
signals 5331 may be suitably pulse-shaped or may be pre-
distorted using digital or analog filters, or may be electrically
amplified using electrical driver amplifiers.

In some embodiments, some of the light on optical splitter
outputs 622 may be detected using one or more optical
receivers 680 to extract information contained therein. Such
information may include, without limitation, one or more
frequency components, one or more time skew or clock
phase values, and one or more pieces of control information
embedded within the supply light generated by optical
power supply module 103.

In some embodiments, information extracted by optical
receivers 680 may be provided to devices external to trans-
mit module 600 on an output port 681 therecof for further use
within system 100, such as for network tratlic synchroniza-
tion/arbitration/scheduling, database time-stamping, local
clock synchronization, etc. In some embodiments, informa-
tion extracted by optical receiver(s) 680 may be fed into an
clectronic signal processor 612. In some embodiments,
clectronic signal processor 612 may receive one or more
clectrical signals 614 and may pre-process those electrical
signals to generate electrical drive signals 331 for modula-
tors 330. In some embodiments, pre-processing may com-
prise any form of analog, digital, or mixed-signal manipu-
lation, including but not limited to retiming, de-skewing,
buflering, bit stufling, bit removal, forward error correction
coding, line coding, framing, insertion of pilots and packet
headers, time-stamping, linear and nonlinear pre-compen-
sation, pre-equalization, pre-emphasis, and pre-distortion.

In some embodiments, modulated light on modulator
outputs 332 may be multiplexed 1n wavelength, polarization,
or spatial distribution of the optical field using one or more
multiplexers 624 to generate one or more optical multi-
plexed signals 652. Multiplexed signals 652 may then be
transmitted via one or more output interfaces 650 to one or
more optical fibers 102,. In some embodiments, output
interfaces 650 may be implemented, e.g., as one or more
optical fiber connectors, one or more edge couplers from
PIC to fibers, or one or more vertical couplers from PIC to
fibers. In some embodiments, certain multiplexing functions
of multiplexer 624 may be integrated into certain output
interfaces 650. For example, 1n some embodiments, a polar-
1ization-diversity vertical grating coupler may simultane-
ously act as a polarization multiplexer of multiplexer 624
and as a part of an output interface 650. In some other
embodiments, an optical connector comprising a polariza-
tion-diversity arrangement may simultaneously act as an
output interface 650 and as a polarization multiplexer 624.

In some embodiments, each modulator output 532 may be
passed directly to a corresponding optical fiber or to a
corresponding optical fiber core of fiber link 102, via a
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corresponding output intertace 650, 1.e., without undergoing
any multiplexing therebetween. In other words, multiplexer
624 or some parts thercol may not be present 1 some
embodiments.

FIGS. 7TA-7D graphically show some example use cases,
¢.g., 1llustrating the polarization-rotation independent opti-
cal power splitting within transmit modules 504 and 600,
that may be implemented based on embodiments of optical
power supply 290 within optical power supply module 103.

FIG. 7A shows a Poincare sphere, conventionally used to
visualize polarization states of light. Mutually orthogonal
polarization states are found at diametrically opposed loca-
tions on the sphere. For example, linear polarization states
are found on the equator of the sphere, with one orthogonal
pair including horizontal linear polarization (HLP) and
vertical linear polarization (VLP), and another orthogonal
pair including +435-degree (LP+45-deg) linear polarizations
being indicated 1n FIG. 7A. The orthogonal pair of right-
circular polarization (RCP) and left-circular polarization
(LCP) 1s found on the two poles of the Poincare sphere, as
1s also indicated 1in FIG. 7A.

FIG. 7B shows intensity-versus-time plots of the light at
the two output ports 516 and 517 of polarization splitter 515
(also see FIGS. 5 and 6) for an example case, wherein
optical power supply 103 transmits CW wavelength A, 1n
HLP and CW wavelength A, 1n VLP (also see FIGS. 3A-3B).
Time intervals (A), (B), and (C), which are neither implied
to occur 1n the shown temporal succession nor to be char-
acterized by sharp transitions therebetween, correspond to
three different example instantiations of random polarization
rotations, wherein: during time interval (A), fiber link 102,
does not rotate the polarization; during time interval (B),
fiber link 102, rotates the polarizations to the LP+45-deg
states; and during time 1nterval (C), fiber link 102, rotates
the polarizations to the RCP/LCP states. As optical power
supply 290 1s configured to transmit two time/frequency-
orthogonal optical fields 1 two orthogonal polarization
states, the light intensities at output ports 516 and 317 of
polarization splitter 5315 will be approximately constant,
irrespective of random polarization rotations at the polar-
1zation splitter input.

For the time interval (A), polarization splitter 515 oper-
ates to: (1) direct light of wavelength A, substantially exclu-
s1vely to output port 5316; and (11) direct light of wavelength
A, substantially exclusively to output port 517. For the time
interval (B), polarization splitter 515 operates to cause each
of output ports 516 and 517 to have an approximately equal
amount of light at wavelength A, and at wavelength A,.
Likewise, for the time 1nterval (C), polarization splitter 5135
operates to cause each of output ports 516 and 517 to have
an approximately equal amount of light at wavelength A,
and at wavelength A,. Not shown 1n FIG. 7B, for time
intervals (B) and (C), are possible beat frequency oscilla-
tions at the difference frequency Af=It, -1, | between the two
CW tones at wavelengths A, and A,. However, as long as Af
1s chosen sufhiciently large compared to the symbol rate R,
these oscillations may average out within each modulation
symbol of transmitter 500 and, as such, may not significantly
allect the performance. Choosing Af smaller than R, may
result 1n slow fading of the light output at each individual
port 516 and 517. More specifically, light incident at polar-
ization splitter 515 may periodically transition between
appearing entirely on output port 516 (with no light appear-
ing on output port 517) and appearing entirely on output port
517 (with no light appearing on output port 516). This
periodic transition of light between ports 316 and 517 may
occur at a period Af, and 11 Af 1s significantly smaller than
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R. may lead to some modulation time slots on each polar-
1zation splitter output port receiving no or suilicient light
to modulate information onto. Choosing Al to be signifi-
cantly larger than R lets the light transitions between ports
516 and 517 occur multiple times per symbol period, so that
every symbol time slot always receives half the light sup-
plied by optical power supply 103. Choosing Af equal to R,
may result in either constant power during the time nterval
(A) or in sin*(nR (1) shaped pulses during the time intervals
(B) and (C) at ports 516 and 517. This particular configu-
ration may be useful for some modes of operation. Similarly,
choosing Af equal to an integer multiple of R (Af=nR ., n=1,
2,3, ...) may be a beneficial mode of operation.

FIG. 7C shows the optical power at the two output ports
516 and 517 of polarization splitter 515 for the example use
case, wherein optical power supply 103 operates to transmit
temporally partially overlapping pulse trains (1.e., AT<T ) at
wavelengths A, and A, 1n HLP and VLP (also see FIG. 3C).
Time intervals (A), (B), and (C) correspond to the same
three mstantiations of random polarization fluctuations as in
FIG. 7B. For the time interval (A), polarization splitter 515
operates to: (1) direct the pulse train at wavelength A,
substantially exclusively to output port 5316; and (1) direct
the pulse train at wavelength A, substantially exclusively to
output port 317. For the time interval (B), polarization
splitter 515 operates to cause each of output ports 516 and
517 to have an approximately equal amount of the pulse
train at wavelength A, and the pulse train at wavelength A.,.
Likewise, for the time interval (C), polarization splitter 515
operates to cause each of output ports 516 and 517 to have
an approximately equal amount of the pulse train at wave-
length A, and the pulse train at wavelength A.,. Not shown 1n
FIG. 7C, for time mntervals (B) and (C), are possible beat
frequency oscillations at the difference frequency Af=I1, -1, |
during times when pulses at wavelength A, temporally
overlap with pulses at wavelength A,. However, as long as
AT 1s chosen sufliciently large compared to the symbol rate
R, these oscillations may average out within each modu-
lation symbol of transmitter 500 and, as such, may not
significantly affect the performance. More precisely, the
total optical energy within a time period corresponding to
twice the total optical pulse duration T, measured at the
polarization-splitting 1interface 315 may remain approxi-
mately constant, irrespective of the polarization state at the
input to polarization splitter 515.

FIG. 7D shows the optical power at the two output ports
516 and 517 of polarization splitter 5315 for the example use
case, wherein optical power supply 103 operates to transmit
four tones separated by R,, two in HL.P and two 1in VLP (also
see F1G. 3E). Time 1ntervals (A), (B), and (C) correspond to
the same three instantiations of random polarization fluc-
tuations as 1n FIG. 7B. For the time interval (A), polarization
splitter 515 operates to: (1) direct the two lower-frequency
tones at frequencies t,-R /2 and 1, +R /2 substantially exclu-
sively to output port 516; and (11) direct the two higher-
frequency tones at frequencies 1,-R /2 and {,+R /2 substan-
tially exclusively to output port 517. In the time domain,
output ports 516 and 517 may therefore exhibit time-aligned
sin°-shaped optical intensity pulses. For the time interval
(B), polarization splitter 515 operates to cause each of output
ports 516 and 517 to have an approximately equal amount of
the four tones shown in FIG. 3E. Likewise, for the time
interval (C), polarization splitter 315 operates to cause each
of output ports 516 and 3517 to have an approximately equal
amount of the four tones shown 1 FIG. 3E. Owing to the
close spacing of the two lower-frequency tones and the two
higher-frequency tones, beat oscillations may be clearly
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visible 1n (B) and (C). However, due to the specific nature of
the four-tone dual-polarization optical field, the pulse energy
may always stay well confined near a common center-oi-
mass line, e.g., 710, 1rrespective of polarization rotations.
This confinement of pulse energies at a specific temporal
location within a symbol period irrespective of polarization
rotations on fiber link 102 . may be beneficial for modulation
within transmit module 504.

As exemplified by the results graphically shown in FIGS.
7B-7D, the use of various embodiments of optical power
supply module 103 beneficially causes polarization splitter
515 to passively perform a substantially equal-power split
between output ports 516 and 3517 thereof regardless of
polarization rotations within one or more sections of non-
polarization-maintaining optical fiber disposed between
optical power supply module 103 and the host device (e.g.,
transmit module 504, FIG. 5) of polarization splitter 515.
This passive, equal-power split 1n polarization splitter 515 1s
ecnabled, e.g., by the above-described example configura-
tions of optical power supply module 103, according to
which the light outputted at output port 242 thereotf has two
components that are both time/frequency orthogonal to one
another and polarization-orthogonal. The latter characteris-
tic of the received light then causes polarization splitter 515
to perform the substantially equal-power split between out-
put ports 516 and 517 thereof passively, 1.e., without the use
of any tuning or active power-control mechanisms. The light
produced at output ports 516 and 517 can then advanta-
geously be used, e.g., as an optical carrier onto which data
information can be modulated by transmit module 504.

As a result of the above-described operation of polariza-
tion splitter 515, during some time intervals (e.g., time
interval (A)) optical modulator 330, may receive supply
light at a first optical center frequency but not at a second
optical center frequency, and modulator 5330, may receive
supply light at the second optical center frequency but not at
the first optical center frequency; during some time 1ntervals
(not explicitly shown in FIG. 7) optical modulator 530, may
receive supply light at the second optical center frequency
but not at the first optical center frequency, and modulator
530, may receive supply light at the first optical center
frequency but not at the second optical center frequency;
during some time 1ntervals (e.g., time 1ntervals (B) and (C))
optical modulator 530, may receive supply light at both the
first optical center frequency and the second optical center
frequency, and modulator 330, may also receive supply light
at both the first optical center frequency and the second
optical center frequency.

FI1G. 8 graphically illustrates some signals used/generated
in optical transmitter 500 (FIG. 5) and the corresponding
clectrical signals recovered by a corresponding optical data
receiver according to an example embodiment. More spe-
cifically, the following time-dependent signals are shown 1n
FIG. 8:

(1) light supply wavetorms at ports 516 and 517, respec-
tively, corresponding to the embodiment of FIG. 3E. These
wavelorms are shown for three different polarization rota-
tions 1n optical fiber 543, 1.e., for time 1ntervals (A), (B), and
(C), as per FIG. 7D;

(11) electrical drive signals 531, and 331, driving optical
modulators 530, and 530,, FIG. 5. For illustration purposes,
the modulation format imprinted onto the supply light 1s
binary on/off keying (OOK) 1n this example embodiment (a
person of ordinary skill in the art will understand that any
other optical modulation format may also be imprinted onto
the supply light, including multi-level and multi-dimen-
sional formats using any physical modulation dimension of
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the supply light’s optical field, such as its amplitude, phase,
in-phase/quadrature components, frequency, and polariza-
tion). The exemplary binary data sequence represented by
clectrical drive signal 531, 1s [01101010 ... 01101010 . ..
01101010]. The exemplary binary data sequence represented

by electrical drive signal 531, 1s [01011100
01011100 . . . 01011100];

(111) modulated optical output signals 532, and 532,
generated by transmit module 504 1n response to the shown
clectrical drive signals 531, and 531,, respectively; and

(1v) electrical signals 801 and 802 generated by a direct-

detection optical receiver in response to the shown modu-
lated optical output signals 532, and 532,, respectively. The
direct-detection optical recerver 1s modeled to have a first-
order Gaussian low-pass characteristic of an electrical band-
width equal to the symbol rate.
The accurate and substantially jitter-free reconstruction of
clectrical data signals 531, and 532, by electrical signals 801
and 802 1s evident, 1rrespective of the polarization rotation
exerted by optical fiber 543.

According to an example embodiment disclosed above,
¢.g., 1n the summary section and/or 1n reference to any one
or any combination of some or all of FIGS. 1-8, provided 1s
an apparatus (e.g., 100, FIG. 1) for communicating optical
signals modulated at a symbol rate (e.g., R), the apparatus
comprising an optical power supply (e.g., 290, FIG. 2) that
comprises: a light source (e.g., 200, FIG. 2) and an elec-
tronic controller (e.g., 230, FIG. 2) connected to the light
source to cause the light source to generate a first light
output having a first optical frequency (e.g., 212, FIGS. 2
and 3) and a second light output having a second optical
frequency (e.g., 222, FIGS. 2 and 3) different from the first
optical frequency, each of the first and second light outputs
being steady during a time interval that i1s sigmificantly
longer (e.g., by a factor of 100) than one over the symbol
rate; and a polarization combiner (e.g., 240, FIG. 2) con-
nected to receive the first and second light outputs of the
light source at diflerent respective input ports thereotf, the
polarization combiner being configured to generate, at an
output port thereof, an optical output 1n which first and
second mutually orthogonal polarization components carry
light of the first and second light outputs, respectively.

In some embodiments of the above apparatus, the elec-
tronic controller 1s configured to cause the first light output
and the second light output to be mutually time/frequency
orthogonal (e.g., as per Egs. (3) and (4)).

In some embodiments of any of the above apparatus, a
degree to which the first light output and the second light
output are time/frequency orthogonal 1s greater than 0.8.

In some embodiments of any of the above apparatus, the
degree 1s greater than 0.9.

In some embodiments of any of the above apparatus, the
degree 1s greater than 0.99.

In some embodiments of any of the above apparatus, the
first light output comprises a first continuous-wave optical
field at the first optical frequency, and the second light
output comprises a second continuous-wave optical field at
the second optical frequency.

In some embodiments of any of the above apparatus, a
difference between the first optical frequency and the second
optical frequency 1s greater than five times the symbol rate
(e.g., At=IT,-1,1>5R,, 212, 222, FIG. 3D).

In some embodiments of any of the above apparatus, a
difference between the first optical frequency and the second
optical frequency 1s approximately an integer multiple of the
symbol rate (1.e., At=nR,, with n=2, 3, 4, ... ).
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In some embodiments of any of the above apparatus, the
first light output comprises a first optical pulse train of a first
period, and the second light output comprises a second
optical pulse train of the first period.

In some embodiments of any of the above apparatus,
pulses of the first and second optical pulse trains have a same
intensity waveform (e.g., 212, 222, FIG. 3C).

In some embodiments of any of the above apparatus,
pulses of the first and second optical pulse trains have
different respective intensity waveforms.

In some embodiments of any of the above apparatus, the
first and second optical pulse trains are phase-locked with
respect to one another.

In some embodiments of any of the above apparatus,
centers of pulses of the first optical pulse train are temporally
aligned with centers of corresponding pulses of the second
optical pulse traimn (e.g., AT=0, 212, 222, FI1G. 3C).

In some embodiments of any of the above apparatus,
centers of pulses of the first optical pulse train are temporally
oflset from centers of corresponding pulses of the second
optical pulse train by a nonzero time shift (e.g., AT, 212,
222, FI1G. 3C).

In some embodiments of any of the above apparatus, the
nonzero time shift 1s smaller than one half the first period
(e.g., AT<T/ 2, 212, 222, FIG. 3C).

In some embodiments of any of the above apparatus, the

nonzero time shift 1s smaller than one quarter of the first
period (e.g., AT<I,/4, 212, 222, FIG. 3C).
In some embodiments of any of the above apparatus, the
difference between the first optical frequency and the second
optical frequency 1s twice the pulse repetition rate (i.e.,
Al=2R,, 212, 222, FIG. 3E).
In some embodiments of any of the above apparatus, the
difference between the first optical frequency and the second
optical frequency 1s three times the pulse repetition rate (1.e.,
A1=3R,).

In some embodiments of any of the above apparatus (e.g.,
212, 222, FIG. 3E; 516, 517, FIG. 6D) a spectrum of the first
pulse traimn has two first optical frequency tones; and a
spectrum of the second pulse train has two second optical
frequency tones different from the two first optical fre-
quency tones.

In some embodiments of any of the above apparatus, the
first and second optical frequency tones are equidistantly
spaced by an integer multiple of the symbol rate.

In some embodiments of any of the above apparatus, the
integer multiple 1s two.

In some embodiments of any of the above apparatus, the
clectronic controller 1s further configured to imprint first
control information on the first light output of the light
source and second control information on the second light
output of the light source.

In some embodiments of any of the above apparatus, the
first control information 1s i1dentical to the second control
information.

In some embodiments of any of the above apparatus, the

clectronic controller imprints the first and second control
information using one or more of: an intensity, a phase, a
frequency, and a polarization of the first light output and the
second light output.
In some embodiments of any of the above apparatus, the
light source comprises a first CW laser oscillating at the first
optical frequency (e.g., 410, FIG. 4A), and a second CW
laser oscillating at the second optical frequency (e.g., 420,
FIG. 4A).

In some embodiments of any of the above apparatus, the
clectronic controller 1s configured to control the first CW

10

15

20

25

30

35

40

45

50

55

60

65

24

laser and the second CW laser (e.g., 430, FIG. 4A) to
controllably set a frequency diflerence between the first and
second optical frequencies.

In some embodiments of any of the above apparatus, the
polarization combiner comprises one or more of: a polar-
ization beam combiner, a polarization-maintaining optical
power combiner, and a polarization-maintaining wavelength
multiplexer.

In some embodiments of any of the above apparatus, the
light source comprises a CW laser and an optical modulator
optically connected to the CW laser, the optical modulator
configured to generate a first modulation tone at the first
optical frequency (e.g., 424, FIG. 4B; 417, FIG. 4C).

In some embodiments of any of the above apparatus, the
clectronic controller (e.g., 432, FIG. 4B; 433, FIG. 4C) 1s
configured to control an optical frequency of the first modu-
lation tone.

In some embodiments of any of the above apparatus, the
optical modulator 1s further configured to generate a second
modulation tone at the second optical frequency (e.g., 417,
FIG. 4B).

In some embodiments of any of the above apparatus, the
light source comprises an optical amplitude modulator con-
figured to generate an optical pulse train (e.g., 417, 427, FI1G.
4D; 417, FIG. 4E).

In some embodiments of any of the above apparatus, the

light source comprises a pulsed laser configured to generate
an optical pulse train (e.g., 410 and 417, 420 and 427, FIG.

4C).

In some embodiments of any of the above apparatus, the
light source comprises an optical delay element configured
to delay the first light output with respect to the second light
output (e.g., 419, FIGS. 4D and 4E).

In some embodiments of any of the above apparatus, the
optical power supply comprises an optical dispersion-com-
pensating element (e.g., 470, FIGS. 4D and 4E).

In some embodiments of any of the above apparatus, the
light source comprises a polarization-diversity in-phase/
quadrature modulator (e.g., 417, FIG. 4F).

In some embodiments of any of the above apparatus (e.g.,
212, 222, FIG. 3E): the polanzation-diversity in-phase/
quadrature modulator 1s configured to generate two tones 1n
a first polarization and two tones 1n a second polarization
orthogonal to the first polarization; wherein frequency spac-
ing between the two tones in the first polarnization and
frequency spacing between the two tones in the second
polarization are equal to one another; and wherein frequency
spacing between a tone 1n the first polarization and a tone 1n
the second polarization 1s an integer multiple of said equal
frequency spacing.

In some embodiments of any of the above apparatus, the
phase difference between the two tones 1n the first polariza-
tion 1s equal to the phase difference between the two tones
in the second polarization.

In some embodiments of any of the above apparatus, the
apparatus further comprises an optical transmit module (e.g.,
504, FIG. 5; 600, FIG. 6) optically end-connected to the
output port of the polarization combiner (e.g., 242, FIG. 2)
via one or more sections of optical fiber (e.g., 102, 543,
FIG. 58), the transmit module comprising: a polarization
splitter (e.g., 315, FIG. 5) having an mput port thereof
optically connected to an end of one of the sections of the
optical fiber to receive light of the optical output; a first
optical data modulator (e.g., 530,, FIG. 3) connected to a
first output of the polarization splitter; and a second optical
data modulator (e.g., 530,, FIG. 5) connected to a second
output of the polarization splitter.
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In some embodiments of any of the above apparatus, at
least one of the first and second optical data modulators 1s
configured to modulate received light at the symbol rate.

In some embodiments of any of the above apparatus, at
least one of the one or more sections of the optical fiber 1s
non-polarization-maintaining.

In some embodiments of any of the above apparatus, the
optical fiber 1s at least one meter long.

In some embodiments of any of the above apparatus, the
optical fiber 1s at least ten meters long.

According to another example embodiment disclosed
above, e.g., 1n the summary section and/or in reference to
any one or any combination of some or all of FIGS. 1-8,
provided 1s an apparatus comprising an optical transmitter
(e.g., 500, FIG. 5) that comprises: a passive polarization
splitter (e.g., 515, FIG. 5) having an optical imnput port and
first (e.g., 516, FIG. 5) and second (e.g., 317, FIG. §) optical

output ports, the optical input port being optically connected
to receirve an optical input signal having first and second
polarization components (e.g., FIGS. 3A-3E), the first polar-
1zation component carrying light of a first optical frequency,
the second polarization component carrying light of a sec-
ond optical frequency different from the first optical fre-
quency, the first and second polarization components being
mutually orthogonal and jointly undergoing a state-oif-po-
larization change during a time interval (e.g., intervals (A),
(B), (C), FIGS. 7B-7D), the passive polanization splitter
causing light of a first fixed polarization to be directed from
the optical input port to the first optical output port and also
causing light of a second fixed polarization to be directed
from the optical input port to the second optical output port,
the first and second fixed polarizations being orthogonal to
one another, the state-of-polarization change causing respec-
tive spectral compositions of the lights directed to the first
and second optical ports to change during said time interval
(e.g., FIGS. 7B-7D); and a first optical modulator (e.g.,
530,, FIG. 5) connected to the first optical output port and
configured to modulate the light of the first fixed polariza-
tion received therefrom (e.g., 316, FIG. §) 1n response to a
first data signal (e.g., Data 1, FIG. 5).

In some embodiments of the above apparatus, the optical
transmitter further comprises a second optical modulator
(e.g., 530,, FIG. 5) connected to the second optical output
port and configured to modulate the light of the second fixed
polarization received therefrom (e.g., 517, FIG. §) in
response to a second data signal (e.g., Data 2, FIG. 3).

In some embodiments of any of the above apparatus, the
first and second optical modulators are connected to transmuit
the respective modulated lights (e.g., on ports 532, and 532,
FIG. §) through different respective optical fibers.

In some embodiments of any of the above apparatus, at
some times of said time interval (e.g., mterval (A), FIGS.
7B-7D), the first optical modulator receirves from the first
output port the first optical frequency but not the second
optical frequency; and at some other times of said time
interval, the first optical modulator receirves from the first
output port the second optical frequency but not the first
optical frequency.

In some embodiments of any of the above apparatus, at
yet some other times of said time interval, the first optical
modulator receives from the first output port a mix of the
first and second optical frequencies (e.g., mtervals (B), (C),
FIGS. 7B-7D).

In some embodiments of any of the above apparatus, the
optical put port 1s optically connected to receive the
optical mput signal from a proximate end of a section of
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optical fiber (e.g., 543, FIG. §), the optical fiber including at
least one section that 1s non-polarization-maintaining.

In some embodiments of any of the above apparatus, the
state-of-polarization change 1s due to time-varying polariza-
tion rotation 1n said at least one section.

In some embodiments of any of the above apparatus, the
time-varying polarization rotation 1s random.

In some embodiments of any of the above apparatus, the
optical transmitter further comprises an optical power sup-
ply (e.g., 290, FIG. 5) optically connected to apply the
optical input signal through the optical fiber to the passive
polarization splitter.

In some embodiments of any of the above apparatus, the
optical power supply comprises: a light source (e.g., 200,
FIG. 2) and an electronic controller (e.g., 230, FIG. 2)
connected to the light source to cause the light source to
generate a first light output having the first optical frequency

(e.g., 212, FIGS. 2 and 3) and a second light output having

the second optical frequency (e.g., 222, FIGS. 2 and 3), each
of the first and second light outputs being steady during said
time 1nterval; and a polarization combiner (e.g., 240, FIG. 2)
connected to receive the first and second light outputs of the
light source at diflerent respective input ports thereotf, the
polarization combiner being configured to generate, at an
output port thereot, an optical output that 1s coupled into the
optical fiber to cause the optical input port of the polarization
splitter to receive the optical mput signal.

In some embodiments of any of the above apparatus, the
first optical modulator 1s a polarization-sensitive device
designed to modulate optical signals having the first fixed
polarization.

In some embodiments of any of the above apparatus, the
first optical modulator 1s unsuitable for modulating optical
signals having the second fixed polarization.

In some embodiments of any of the above apparatus, the
second optical modulator 1s a polarization-sensitive device
designed to modulate optical signals having the second fixed
polarization.

In some embodiments of any of the above apparatus, the
second optical modulator 1s unsuitable for modulating opti-
cal signals having the first fixed polarization.

While this disclosure includes references to illustrative
embodiments, this specification 1s not intended to be con-
strued 1 a limiting sense. Various modifications of the
described embodiments, as well as other embodiments
within the scope of the disclosure, which are apparent to
persons skilled 1n the art to which the disclosure pertains are
deemed to lie within the principle and scope of the disclo-
sure, €.g., as expressed in the following claims.

Some embodiments may be implemented as circuit-based
processes, including possible implementation on a single
integrated circuit.

Unless explicitly stated otherwise, each numerical value
and range should be interpreted as being approximate as 1f
the word “about™ or “approximately” preceded the value or
range.

It will be further understood that various changes in the
details, materials, and arrangements of the parts which have
been described and illustrated 1n order to explain the nature
of this disclosure may be made by those skilled in the art
without departing from the scope of the disclosure, e.g., as
expressed 1n the following claims.

The use of figure numbers and/or figure reference labels
in the claims 1s mntended to i1dentily one or more possible
embodiments of the claimed subject matter in order to
facilitate the interpretation of the claims. Such use 1s not to
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be construed as necessarily limiting the scope of those
claims to the embodiments shown in the corresponding
figures.

Although the elements 1in the following method claims, 1f
any, are recited 1n a particular sequence with corresponding
labeling, unless the claim recitations otherwise 1mply a
particular sequence for implementing some or all of those
clements, those elements are not necessarily intended to be
limited to being implemented 1n that particular sequence.

Reference herein to “one embodiment” or “an embodi-
ment” means that a particular feature, structure, or charac-
teristic described 1n connection with the embodiment can be
included 1n at least one embodiment of the disclosure. The
appearances of the phrase “in one embodiment™ 1n various
places 1n the specification are not necessarily all referring to
the same embodiment, nor are separate or alternative
embodiments necessarilly mutually exclusive of other
embodiments. The same applies to the term “1implementa-
tion.”

Unless otherwise specified herein, the use of the ordinal
adjectives “first,” “second,” “third,” etc., to refer to an object
of a plurality of like objects merely indicates that different
instances of such like objects are being referred to, and 1s not
intended to 1mply that the like objects so referred-to have to
be 1n a corresponding order or sequence, either temporally,
spatially, 1n ranking, or in any other manner.

Also for purposes of this description, the terms “couple,”
“coupling,” “‘coupled,” “connect,” “‘connecting,” or *“con-
nected” refer to any manner known in the art or later
developed 1n which energy 1s allowed to be transferred
between two or more elements, and the interposition of one
or more additional elements 1s contemplated, although not
required. Conversely, the terms “directly coupled,” “directly
connected,” etc., imply the absence of such additional ele-
ments.

As used herein 1n reference to an element and a standard,
the term compatible means that the element communicates
with other elements 1n a manner wholly or partially specified
by the standard, and would be recognized by other elements
as suiliciently capable of communicating with the other
clements 1n the manner specified by the standard. The
compatible element does not need to operate internally 1n a
manner speciiied by the standard.

The described embodiments are to be considered 1n all
respects as only 1llustrative and not restrictive. In particular,
the scope of the disclosure i1s indicated by the appended
claims rather than by the description and figures herein. All
changes that come within the meaning and range of equiva-
lency of the claims are to be embraced withun their scope.

The description and drawings merely illustrate the prin-
ciples of the disclosure. It will thus be appreciated that those
of ordmary skill in the art will be able to devise various
arrangements that, although not explicitly described or
shown herein, embody the principles of the disclosure and
are included within 1ts spirit and scope. Furthermore, all
examples recited herein are principally intended expressly to
be only for pedagogical purposes to aid the reader in
understanding the principles of the disclosure and the con-
cepts contributed by the inventor(s) to furthering the art, and
are to be construed as being without limitation to such
specifically recited examples and conditions. Moreover, all
statements herein reciting principles, aspects, and embodi-
ments of the disclosure, as well as specific examples thereot,
are 1ntended to encompass equivalents thereof.

The functions of the various elements shown in the
figures, including any functional blocks labeled or referred
to as “processors” and/or “controllers,” may be provided
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through the use of dedicated hardware as well as hardware
capable of executing software 1n association with appropri-
ate software. When provided by a processor, the functions
may be provided by a single dedicated processor, by a single
shared processor, or by a plurality of individual processors,
some of which may be shared. Moreover, explicit use of the
term “processor’” or “controller” should not be construed to
refer exclusively to hardware capable of executing soiftware,
and may implicitly include, without limitation, digital signal
processor (DSP) hardware, network processor, application
specific mtegrated circuit (ASIC), field programmable gate
array (FPGA), read only memory (ROM) for storing soft-
ware, random access memory (RAM), and non volatile
storage. Other hardware, conventional and/or custom, may
also be included. Similarly, any switches shown in the
figures are conceptual only. Their function may be carried
out through the operation of program logic, through dedi-
cated logic, through the interaction of program control and
dedicated logic, or even manually, the particular technique
being selectable by the implementer as more specifically
understood from the context.

As used 1n this application, the term “circuitry” may refer
to one or more or all of the following: (a) hardware-only
circuit implementations (such as implementations 1 only
analog and/or digital circuitry); (b) combinations of hard-
ware circuits and software, such as (as applicable): (1) a
combination of analog and/or digital hardware circuit(s)
with software/firmware and (1) any portions of hardware
processor(s) with software (including digital signal proces-
sor(s)), software, and memory(ies) that work together to
cause an apparatus, such as a mobile phone or server, to
perform various functions); and (¢) hardware circuit(s) and
or processor(s), such as a microprocessor(s) or a portion of
a microprocessor(s), that requires software (e.g., firmware)
for operation, but the soitware may not be present when 1t
1s not needed for operation.” This definition of circuitry
applies to all uses of this term 1n this application, including
in any claims. As a further example, as used in this appli-
cation, the term circuitry also covers an implementation of
merely a hardware circuit or processor (or multiple proces-
sors) or portion of a hardware circuit or processor and 1ts (or
their) accompanying software and/or firmware. The term
circuitry also covers, for example and 11 applicable to the
particular claim element, a baseband integrated circuit or
processor mtegrated circuit for a mobile device or a similar
integrated circuit in server, a cellular network device, or
other computing or network device.

It should be appreciated by those of ordinary skill in the
art that any block diagrams herein represent conceptual
views of illustrative circuitry embodying the principles of
the disclosure.

What 1s claimed 1s:

1. An apparatus for communicating optical signals modu-
lated at a symbol rate, the apparatus comprising:

an optical power supply that comprises:

a light source and an electronic controller connected to
the light source to cause the light source to generate
a first light output having a first optical frequency
and a second light output having a second optical
frequency different from the first optical frequency,
cach of the first and second light outputs being
steady during a time interval that 1s sigmificantly
longer than one over the symbol rate; and

a polarization combiner connected to receive the first
and second light outputs of the light source 1rrespec-
tive of polarization changes at different respective
input ports thereot, the polarization combiner being
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configured to generate, at an output port thereot, an
optical output signal in which first and second mutu-
ally orthogonal polarization components carry light
of the first and second light outputs, respectively;

a transmit module configured to recerve the optical output
signal 1rrespective of polarization changes of the opti-
cal output signal, the transmit module 1including at least
one optical modulator configured to modulate the opti-
cal output signal from the output port of the polariza-
tion combiner; and

an optical fiber that includes one or more sections of
non-polarization-maintaining fiber, 1n which the optical
fiber 1s optically coupled between the output port of the
polarization combiner and the transmit module, and the
optical fiber 1s configured to transmit the optical output
signal from the output port of the polarization combiner
to the transmit module.

2. The apparatus of claim 1, wherein the electronic
controller 1s configured to cause the first light output and the
second light output to be mutually time/frequency orthogo-
nal.

3. The apparatus of claim 1, wherein the first light output
comprises a lirst continuous-wave optical field at the first
optical frequency, and the second light output comprises a
second continuous-wave optical field at the second optical
frequency.

4. The apparatus of claim 1, wherein a difference between
the first optical frequency and the second optical frequency
1s approximately an integer multiple of the symbol rate.

5. The apparatus of claim 1, wherein the first light output
comprises a {irst optical pulse train of a first period, and the
second light output comprises a second optical pulse train of
the first period.

6. The apparatus of claim 5, wherein centers of pulses of
the first optical pulse traimn are temporally aligned with
centers of corresponding pulses of the second optical pulse
train.

7. The apparatus of claim 5, wherein centers of pulses of
the first optical pulse train are temporally ofiset from centers
of corresponding pulses of the second optical pulse train by
a nonzero time shift.

8. The apparatus of claim 5, wherein:

a spectrum of the first pulse train has two first optical

frequency tones; and

a spectrum of the second pulse train has two second
optical frequency tones different from the two {irst
optical frequency tones.

9. The apparatus of claim 1, wherein the electronic
controller 1s further configured to imprint first control 1nfor-
mation on the first light output of the light source and second
control information on the second light output of the light
source.

10. The apparatus of claim 1, wherein the light source
comprises a polarization-diversity 1n-phase/quadrature
modulator.

11. The apparatus of claim 10, wherein the polarization-
diversity 1n-phase/quadrature modulator 1s configured to
generate two tones 1n a first polarization and two tones 1n a
second polarization orthogonal to the first polarization;

wherein frequency spacing between the two tones in the
first polarization and frequency spacing between the
two tones 1n the second polarization are equal to one
another; and

wherein frequency spacing between a tone in the first
polarization and a tone 1n the second polarization 1s an
integer multiple of said equal frequency spacing.
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12. The apparatus of claim 1, wherein the transmit module
COmprises:

a polarization splitter having an mmput port thereol opti-
cally connected to an end of one of the sections of the
optical fiber to receive light of the optical output signal;

a first optical data modulator connected to a first output of
the polarization splitter; and

a second optical data modulator connected to a second
output of the polarization splitter.

13. The apparatus of claim 1 wherein a diflerence between

the first optical frequency and the second optical frequency
1s Af the symbol rate 1s Rs, and Af 1s within £10% of R..

14. The apparatus of claim 1 wherein the optical fiber
between the transmit module and the polarization combiner
1s at least one meter long.

15. The apparatus of claim 1 wherein the optical fiber
between the transmit module and the polarization combiner
1s at least ten meters long.

16. The apparatus of claam 1 wherein the polarization
combiner comprises at least one of a polarization beam
combiner, a polarization-maintaining optical power com-
biner, or a polarization-maintaining wavelength multiplexer.

17. The apparatus of claam 1 wherein the light source
COmprises:

a first laser that 1s configured to generate first polarized
light that has the first optical frequency, wherein the
first polarized light forms the first light output of the
light source; and

a second laser that 1s configured to generate second
polarized light that has the second optical frequency,
wherein the second polarized light forms the second
light output of the light source.

18. The apparatus of claim 1 wherein the light source

COmMprises:

a laser that 1s configured to generate first light;

a modulator that 1s configured to split the first light 1nto a
first spectral tone and a second spectral tone, and
generate second light that includes the first and second
spectral tones;

a frequency splitter that 1s configured to frequency-split
the second light into a first portion and a second
portion, wherein the first portion includes the first
spectral tone, and the second portion includes the
second spectral tone; and

wherein the first portion forms the first light output of the

light source, and the second portion forms the second
light output of the light source.

19. The apparatus of claim 1 wherein the light source

COmprises:

a first laser that 1s configured to emait first polarized light
at a first wavelength;

a second laser that 1s configured to emit second polarized
light at a second wavelength;

a first optical modulator configured to modulate the first
polarized light to generate first modulated polarized
light;

a second optical modulator configured to modulate the
second polarized light to generate second modulated
polarized light;

wherein the first modulated polarized light forms the first
light output of the light source, and the second modu-
lated polarized light forms the second light output of
the light source.

20. The apparatus of claim 19 wherein the light source

comprises an optical delay element configured to delay the
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second modulated polarized light before the second modu-
lated polarized light 1s polarization-combined with the first
modulated polarized light.

21. The apparatus of claim 19 wherein the first and second
modulators are configured to modulate time stamps onto the
first and second modulated polarized light.

22. The apparatus of claim 1 wherein the light source
COmMprises:

a first laser that 1s configured to emait first polarized light

at a first wavelength;

a second laser that 1s configured to emit second polarized
light at a second wavelength;

a second polarization combiner configured to polariza-
tion-combine the first polarized light and the second
polarized light to generate first combined light;

an optical modulator configured to modulate the first
combined light to generate a modulated combined
light; and

a splitter to split the modulated combined light 1nto a first
portion and a second portion, wherein the {first portion
forms the first light output of the light source, and the
second portion forms the second light output of the
light source.

23. The apparatus of claim 22 wherein the light source
comprises an optical delay element configured to delay the
second portion before the second portion 1s polarization-
combined with the first portion by the polarization combiner.

24. The apparatus of claim 1, wherein the transmit module

1s configured to receive the optical output signal irrespective
ol a polarization rotation of the optical output signal.

25. An apparatus for communicating optical signals
modulated at a symbol rate, the apparatus comprising:
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an optical power supply that comprises:

a light source and an electronic controller connected to
the light source to cause the light source to generate
a first light output having a first optical frequency
and a second light output having a second optical
frequency different from the first optical frequency,
cach of the first and second light outputs being
stecady during a time interval that 1s significantly
longer than one over the symbol rate;

a polarization-diversity in-phase/quadrature modulator
that 1s configured to generate two tones 1 a {first
polarization and two tones in a second polarization
orthogonal to the first polarization;

a polarization combiner connected to receive the first
and second light outputs of the light source at
different respective input ports thereol, the polariza-
tion combiner being configured to generate, at an
output port thereof, an optical output signal in which
first and second mutually orthogonal polarization
components carry light of the first and second light
outputs, respectively;

a transmit module configured to receive the optical output
signal 1rrespective of polarization changes of the opti-
cal output signal; and

an optical fiber that includes one or more sections of
non-polarization-maintaining fiber, 1n which the optical
fiber 1s configured to transmit the optical output signal
from the output port of the polarization combiner to the
transmit module.

26. The apparatus of claim 25 wherein the electronic
controller 1s configured to cause the first light output and the
second light output to be mutually time/frequency orthogo-
nal.
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